The temperature tolerances of embryonic and early larval development stages of Tripneustes gratilla were investigated from 13-34
C, whereas cleavage did not occurred at 34 • C, respectively. Outside of this temperature range, embryos showed abnormality at different incubation times. Early larvae of this species have the ability to survive the higher temperature limit for short periods of time. Prism and 2 arm pluteus larvae survived at temperatures between 30 and 33
Introduction
Echinoids, commonly known as sea urchins, have different biogeographical ranges along the coast of Japan Islands (Ohshima 1949; Utinomi 1965; Shigei 1974) . There are 27 species of sea urchins belonging to the eight families under five orders which are found along the coast of Okinawa Island (Shigei 1987) . Since many sea urchin species are edible an increasing demand for them has led to over-fishing and depletion of natural stocks (Sloan 1985; Keesing & Hall 1998) . In view of these ecological and economical aspects, there is considerable interest in the reproduction and developmental biology of echinoids. Reproductive success has a direct influence on larval supply and is one of the factors affecting recruitment and establishment of echinoid populations (Pedrotti 1993; Lopez et al. 1998; Balch & Scheibling 2001) . Environmental factors, in particular temperature, control the reproduction season and subsequent development.
Echinoids are sensitive to water temperatures, which may affect the survival and distribution of adults as well as their gametes and larval planktonic stages (Rupp 1973) . Several reports have discussed the temperatures needed for growth or spawning, or hydrographic features that limit larval settlement and juvenile survival (Bougis 1971; Stephen 1972a, b; McEdward 1985; Bosch et al. 1987; Sewell & Young 1999) . Such temperature dependence is not universal but rather species-specific, especially in the embryonic stages (Fujisawa & Shigei 1990) . Studies on several species of sea urchins living in the northern Pacific Ocean have revealed that the optimal temperature for fertilization (Mita et al. 1984) , early cleavage (Yaroslavtseva et al. 1992 ) and normal development to the pluteus stage (Fujisawa 1989; Fujisawa & Shigei 1990 ) is species-specific and occurs within the range of temperatures found in breeding season. Both organogenesis and somatic growth are controlled by enzyme activities, whereas embryonic development of ectotherms mainly depends on the differential expression of certain genes and temperature. At the intra-specific level, however, genetic variability is usually low and therefore temperature determines the mode of early development of species.
There are three extant species of the genus Tripneustes. Among these, Tripneustes gratilla (L., 1758) are mainly distributed in the Indo-Pacific region (Mortensen 1943) . This species grows quickly and is the largest commercial sea urchin in Japan. Annual catch data of T. gratilla reveals that year-by-year, the total harvesting volume is declining in Okinawa (Shokita 1998) . Artificial culture techniques have to be practiced in order to enhance the natural population size. A number of studies have examined the reproductive periodicity of this species in response to factors such as diet and temperature (Chen & Chang, 1981; Vaïtilingon et al. 2005 ). The biology of T. gratilla has not yet had detailed research performed on it from a culture perspective, and in particular in terms of development and early larval stages at different temperatures. A comprehensive temperature sensitivity profile of this economically important species remains to be elucidated, as well. The aim of this study was to measure the hatching rate of embryos, temperature tolerances of embryonic and early developmental stages and larval survival of T. gratilla at various temperatures.
Material and methods
Sample collection and maintenance Healthy mature T. gratilla adults were collected during winter (November to January) from Bise, Okinawa Island at low tide (Fig. 1) . After harvesting, specimens were transported to the laboratory and maintained in closed aquaria.
Gamete collection
The spines around the gonopore area were removed with a sharp knife, and the area was rinsed with filtered seawater and blotted with tissue paper. Using a syringe, 2 ml of 0.5 M KCl solution was injected into the body cavity. Urchins were then shaken firmly 3 to 4 times and kept on a plastic tray. Extra mucus around the gonopore was again removed using tissue paper. When gametes were expelled through the gonopore, maturation of eggs was examined under a compound microscope, and a drop of dry sperm was diluted with filtered seawater (FSW) and also examined for motility. Mature eggs were kept in a beaker with filtered seawater. Sperm was transferred into plastic capsules by pipette, placed immediately in the refrigerator, and kept cold inside until use.
Experimental protocol
The effect of temperature on the embryonic and early larval development of T. gratilla was investigated at eleven temperature points between 13-34 ± 0.1 • C using water baths (Thermal Robo TR-1A) equipped with coolers (TRL107 NHF). 100 ml flat-bottomed cylindrical bottles were used for embryo and larval culture. The culture bottles were allowed to float in the water baths so that the movement of seawater inside the bottle would prevent aggregation of the embryos. 
Early development
Eggs were allowed to inseminate with sperm at room temperature (23∼25 • C) for about 50 min (approximate time required for the fusion of eggs and sperm nuclei) and transferred to 100 ml culture bottles at a concentration of 3-4 zygotes ml −1 . The culture bottles were placed in water baths that were pre-set at different temperatures: 13, 14, 15, 16, 19, 22, 25, 29, 30, 31 and 34 • C. Observations were done 8, 12, 24, 48 and 72 h after insemination. Development stage(s) were assessed for the first 100 embryos observed under a compound light microscope at 10× magnification. Embryos were scored as; development either stopped or ceased (D), fertilized eggs (1), unequal cleavage (UC), equal to or more than 16-cell stage (>16), equal to or more than 32-cell stage (>32), hatching blastula (HB), blastula (B), gastrula (G), prism (P) and 2-arm pluteus (pl).
Larval survival experiment A survival experiment was conducted in 40 ml screw headed test tube (18 mm diameter, 175 mm deep) using early larval stages (i.e., prism, 2-arm and 4-arm pluteus). Water baths were pre-set at desired experimental temperatures (30, 33, 36, 39 and 42 • C) and approximately 15-20 larvae were placed in a test tube with 10 ml FSW at each experimental temperature for 2 h. At the end of the 2 h period, each sample was put in watch glass and was observed under a light microscope. Larval capable of swimming were scored as being alive.
Seawater temperature Data on surface seawater temperature for Okinawa Island was obtained from the Sesoko Station (Subtropical Biosphere Research Center, University of the Ryukyus).
Results

Hatching rate
Hatching rates of embryos were found from 16-31
• C, and were correlated with time at different temperatures (Fig. 2) . The maximum hatching rates were observed from 22 to 29 to 6 h, respectively. The higher the temperature the lower the time required to hatch with, albeit, lowers hatching rates (Fig. 2) .
Early development
Incubation time 8 h In Fig. 3 , the embryos developed progressively with an increase in the incubation temperature within its temperature range (13-31
• C). The embryos reached the 4-cell (8%) and >16-cell stages (13%) at 14 and 15
• C, respectively, whereas they did not cleave at 34
Incubation time 12 h The embryos did not reach the 2-cell stage at 13 ( Fig. 4) . At 14
• C, 5% of the embryos reached the 8-cell stage whereas about 15.6% embryos reached >16-cell stage at 15
• C, respectively (data not shown). Most of the embryos reached >16-cell stage at 16
• C (Fig. 4) . The embryos continued to show a progressive development trend from 19-31
• C, 60% of the blastula appeared to be abnormal (Fig. 4) (Table 1) . At 30
• C, however, embryos ceased to develop beyond 2-arm pluteus stage (Fig. 5F ). On the other hand, about 52.8% 
83.6 100 100 -Explanations: * degenerate indicates development is either stopped or ceased; b -blastula; p -prism; pl -2-arm pluteus.
of embryos became degenerate and the remaining embryos were morphologically abnormal blastula at 31
• C (Table 1, Fig. 5G ). All embryos became degenerate at 34
• C (Fig. 5H ).
Incubation time 48 h Most of the embryos exhibited unequal cleavage at 13 (Table 1) , whereas development of all embryos ceased at 31
Incubation time 72 h Embryos became degenerate at 13
• C (Fig. 5A) . At 14 and 15
• C, embryos reached hatching blastula and blastula with abnormal morphology (Figs 5B, C). At 16 and 19
• C, the embryos reached blastula (51%) and prism (29%) larvae, respectively, whereas the remaining embryos were morphologically abnormal at each respective stage (Figs 5D, E, Table 1 ). All embryos reached to the 2-arm pluteus stage at 22, 25 and 29
• C (Table 1).
Larval survival
Prism larva showed about 100 and 96% survival at 30 and 33
• C, respectively, while considerable mortality occurred at 36
• C (Fig. 7) . A small number of larvae (8%) were alive at 36
• C, but none survived temperatures above that.
At 30-33
• C, almost 100% of 2-arm larvae survived, and this survival rate dramatically decreased at the temperatures greater than 33
• C. Only 16% survival rate was observed at 36
• C and none could survive at 39
• C (Fig. 7) .
Four-arm larvae had 100% survival rate at 30-33
• C, whereas the survival rate decreased to about 83% at 36
• C. A small number of larvae (2%) survived at 39
• C, but none could survive at 42
• C (Fig. 7) . 
Discussion
Tripneustes gratilla shows a dissimilar reproductive season through out the Indo-Pacific region. The reproductive season has been reported to be in the spring and fall at the Great Barrier Reef (Stephenson 1934) , winter in the northern Red Sea (Pearse 1974; Fouda & Hellal 1990) and Gulf of Aquaba (Kidron et al. 1972) , summer of Japan (Kobayoshi 1969; Onoda 1936) , autumn in the seas of the Philippines and at Taiwan (Chen & Chang 1981; Tuason & Gomez 1979) and throughout the year in Madagascar and Kenya (Maharavo 1993; Muthiga 2005) . Tripneustes gratilla is the most comEffects of temperature on early development of T. gratilla mon shallow water echinoid that occurs on a variety of habitats, including sea grass and algal beds, sand with rubble, rock and coral reef flat (Lawrence & Agatsuma 2007) . In Okinawa, it is found both in the intertidal and littoral zones in coral reef, where the spawning season starts from October to January (unpublished data) when the seawater temperature is around 26.5 to 22
• C, respectively (Fig. 8) .
Our results clearly indicate that the zygote has an ability to hatch within the range of temperatures investigated (16-31
• C). The greatest hatching rates were observed from 19 to 29
• C. Beyond this temperature range, embryos showed lower hatching rates due to perhaps the lack of enzyme activity required to dissolve egg membranes during hatching. A similar result was observed by Ishida (1936) , who found that temperature controls enzyme activity which is necessary to dissolve egg membranes during hatching.
The present findings also indicate that T. gratilla zygotes can tolerate a wide temperature range. In laboratory experiments, all zygotes had irregular cleavage at extremely low temperatures (13 • C) whereas no cleavage occurred at extremely high temperatures (34 • C); these temperatures do not occur during the spawning season of this species. At low temperature ranges (14-19
• C), larvae showed abnormal morphology in different developmental stages (hatching blastula, blastula and prism). Abnormal morphology appears in comparatively later development stages at high temperature (Fig. 6) . Few larvae showed normal development at 14 and 15
• C, whereas most had normal morphology at 16 and 19
• C; these temperatures are close to the lower limit of this species' habitat temperature (Table 2) . Nevertheless, it is assumed that if the larvae can found suitable temperatures before this period then they may develop into normal adults. On the other hand, zygotes also exhibit abnormal morphology in different larval stages (2-arm pluteus and blastula) at or above there higher limits of habitat temperatures (Table 2) , especially at 30 and 31
• C with different incubation periods (Fig. 6 ). Most larval development is stopped or ceased at these two temperatures. Zygotes within the intermediate temperature range (22-29
• C) underwent normal development, although the development time varied at different temperatures, which is in line with the findings of others (Matsumoto et al. 1988; Fujisawa 1993) . The synchronized or asynchronized development of larvae is another point to be considered in order to understand the mode of development (Rahman et al. 2007 ).
The embryos of T. gratilla developed synchronously from 25 to 29
• C. Few larvae showed asynchronous development at 22
• C and all larvae had normal morphology at this temperature. It was also found that the early larvae (gastrula larvae) can develop to competent larvae without any abnormality following a temperature shift from 25 • C to 22 or 30
• C but the mortality rate was considerably greater at higher temperatures. This indicates that the temperature tolerance range for larval development of this species that is occurring during its natural habitat throughout the year. Fujisawa & Shigei (1990) reported that there is a relationship between spawning season and embryonic temperature sensitivity of sea urchins. Fujisawa (1989) stated that the embryo's temperature tolerance characteristic determines the distribution of three species of sea urchin, Hemicentrotus pulcherrimus (A. Agassiz, 1863), Anthocidaris crassispina (A. Agassiz, 1863) and Hemicentrotus depressus.
Another interesting finding was that when the early larvae (prism, 2-arm and 4-arm pluteus) were transferred to higher temperatures (higher than usual upper temperature limits for development), they survived for two hours with different survival rates. These results clearly indicate that temperature sensitivity differs among the three early larval stages. The larvae (4-arm pluteus) exhibited higher survival rates compared with earlier stages (prism and 2-arm larvae) at various temperatures. Sewell & Young (1999) found similar results in the temperate sea urchin, Echinometra lucunter (L., 1758) and concluded that each sea urchin species has an optimal fertilization temperature based on the average temperature found in the respective species' natural habitats. From the higher survival rates of the early larvae at high temperature, it is predicted that later larvae (6-arm, 8-arm pluteus and competent larvae) can survive with considerably lower mortality rates.
In this study it was also found that within a short period of time, the larvae of this species could tolerate at high temperature that is unlikely to be observed in their natural habitats. This phenomenon can be explained by the fact that floating larvae (which cannot swim strongly against currents) may be driven by reef or other currents and thus the possibility to accumulate in shallow protected tide pools and lagoon near the shore for a brief period of time during low tide. It is beneficial for larvae to be able to survive such high temperatures around the habitat. Although adults always prefer the environment below the level of MLWL (Mean Low Water Level) they also have the ability to tolerate high temperatures for a short period of time (Lawrence 1973) .
In summary, intermediate temperatures (around 19-29 • C) are the most suitable temperature range for early development of this species, and these temperatures coincide with the species habitat temperature range. Variation in early development times within this temperature range may reflect potential short dispersal of this species. Both larvae and adults can survive at higher temperatures for a short period of time that indicates adaptation to tropical shallow water regions. Moreover, habitat temperatures usually do not reach potentially damaging levels for this species as there is usually water circulation from the open sea. In conclusion, the findings of this study are helpful not only to understand the life history strategy of this species but also in the development of T. gratilla fisheries through out the Indo-Pacific shallow water regions.
